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We analyzed the functions of the influenza B virus nonstructural NS1-B protein, both by utilizing a
constructed mutant virus (�NS1-B) lacking the NS1 gene and by testing the activities of the protein when
expressed in cells. The mutant virus replicated to intermediate levels in 6-day-old embryonated chicken eggs
that contain an immature interferon (IFN) system, whereas older eggs did not support viral propagation to a
significant extent. The �NS1-B virus was a substantially stronger inducer of beta IFN (IFN-�) transcripts in
human lung epithelial cells than the wild type, and furthermore, transiently expressed NS1-B protein efficiently
inhibited virus-dependent activation of the IFN-� promoter. Interestingly, replication of the �NS1-B knockout
virus was attenuated by more than 4 orders of magnitude in tissue culture cells containing or lacking functional
IFN-�/� genes. These findings show that the NS1-B protein functions as a viral IFN antagonist and indicate
a further requirement of this protein for efficient viral replication that is unrelated to blocking IFN effects.

Influenza is a severe acute respiratory disease that claims the
lives of an estimated 20,000 people on average per year in the
United States alone (60). Both influenza A and B viruses have
in the past been responsible for such widespread epidemics in
humans. The viruses belong to the Orthomyxoviridae family and
are characterized by segmented negative-strand RNA genomes
that consist of eight viral gene segments adding up to total sizes
of 13.6 and 14.6 kb, respectively (36). Most of the 11 known
proteins expressed by each virus type are believed to serve
analogous functions. However, the proapoptotic PB1-F2 pro-
tein is uniquely found in the majority of influenza A virus
strains (10), whereas only influenza B viruses express the NB
protein that contributes to viral virulence (24, 59). There are
further minor differences between influenza A and B viruses in
the expression strategies of gene products encoded by the viral
NA and M gene segments (35). Significant biological and ep-
idemiological differences are indicated by the almost exclusive
confinement of influenza B viruses to humans, whereas type A
influenza viruses have a broad host reservoir in many avian and
several other mammalian species (76).

A decisive factor for the efficient replication of influenza and
several other viruses is the ability to inhibit in their hosts the
expression of the antiviral cytokines alpha interferon (IFN-�)
and IFN-� (for a review, see references 20 and 38). IFN-�/�
gene induction appears to be a biphasic process whereby an
immediate-early expression of the single IFN-� gene facilitates
a secondary delayed activation of several IFN-� genes through
a positive feedback loop (46, 56, 78). The activation of the
IFN-� promoter is most likely triggered by virus-derived dou-
ble-stranded RNA (dsRNA) molecules that are recognized by
unidentified molecular sensors that in turn signal for the acti-
vation of transcription factors belonging to the NF-�B, IRF-

3/-7, and ATF-2/c-Jun families (30, 31, 39, 44, 73, 77). Secreted
IFN-�/� bind to a common IFN-�/� receptor and thereby
activate the JAK/STAT signaling pathway, which leads to the
nuclear formation of the heterotrimeric transcription factor
ISGF-3 (62). ISGF-3 mediates the expression of more than 100
IFN-dependent genes including the dsRNA-activated protein
kinase R (PKR), the Mx proteins, and the 2�-5� oligo(A) syn-
thetases, the expression of which creates an intracellular milieu
that is unfavorable for viral propagation (13, 55). Moreover,
the IFN-�/� sensitize cells for induction of apoptosis, which is
thought to further contain viral spread in the infected organism
(2, 4, 63, 66). Since IFN-�/� induces expression of the major
histocompatibility complex class I genes and stimulate natural
killer and dendritic cells, it also potently contributes to the
development of adaptive immunity to invading viruses (for a
review, see references 6 and 37).

Given the pleiotropic antiviral activities of IFN-�/�, it is not
surprising that viruses have evolved a variety of IFN antago-
nistic proteins that tackle this cellular defense at distinct levels.
Hence, viral gene products have been shown (i) to repress
transcriptional activation of IFN genes, (ii) to compete for
binding of secreted IFNs to their cognate receptors, (iii) to
interfere with IFN signaling, or (iv) directly inhibit IFN-con-
trolled antiviral gene products (reviewed in references 16 and
20). Importantly, genetic abolition of IFN antagonists, for in-
stance, in Sendai virus, respiratory syncytial, virus or vaccinia
virus, leads to strong attenuation in IFN-competent hosts (8,
32, 68). These findings highlight that countermeasures against
the IFN defense system are pivotal chain links in the patho-
genic processes that determine viral virulence.

Recent analyses have firmly established that the nonstruc-
tural NS1 protein of influenza A virus (termed NS1-A) is a
major force that antagonizes activation of PKR and the ex-
pression of early defense genes, including IFN-� (5, 17, 19, 22,
41–43, 51, 64). NS1-A is a multifunctional 26-kDa protein that
has been reported to bind to single- and double-stranded
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RNAs, to inhibit the polyadenylation and splicing of cellular
pre-mRNAs, and to enhance translation (1, 11, 12, 15, 21, 23,
40, 41, 50, 54, 75). Notably, either the ability to sequester
virus-derived dsRNAs and thereby to reduce the signaling for
IFN gene activation or the blockade of early antiviral defense
transcripts on a posttranscriptional level have been suggested
to explain the IFN-antagonistic function of the NS1-A protein
(34, 43, 51, 64, 71).

Comparatively little is known about the mechanism(s) used
by influenza B viruses to circumvent antiviral responses. Influ-
enza B virus expresses from an unspliced transcript of the viral
NS segment a 281-amino-acid nonstructural protein termed
NS1-B (9) that shares with its NS1-A counterpart the ability to
bind to the same RNA targets and to inhibit activation of PKR
in vitro (70). Accordingly, mutational analyses have identified
RNA-binding domains in the N-terminal regions of the NS1-A
and NS1-B proteins at amino acids 1 to 73 and 1 to 93, respec-
tively (53, 70, 79). However, unique biological activities of the
NS1-B protein are indicated by its deficiency to inhibit pre-
mRNA processing (70), by its distinctive ability to bind to the
antiviral response gene product ISG-15 and to inhibit its con-
jugation to cellular proteins (80), and by �20% sequence iden-
tity to the NS1-A protein. In fact, these differences have re-
cently been considered to explain the observation that some
early response genes, including ISG56, 2�-5� oligo(A) syntheta-
ses, and ISG-15, were selectively induced in cells infected with
influenza B virus but not in cells infected with influenza A virus
(34, 51). Whether these findings indicate that the NS1-A and
NS1-B proteins serve overlapping or different functions during
infection is not known.

We have taken a reverse genetic approach to define the
role(s) of the NS1-B protein during the life cycle of influenza
B virus. To do this, we established an eight-plasmid system for
the generation of influenza B virus from cloned cDNA, which
is similar to the ones described recently by other groups (24,
26, 29), and succeeded to eliminate the NS1-B gene from the
viral genome. Replication of a �NS1-B knockout virus was
attenuated in embryonated chicken eggs and was even more
reduced in tissue culture cells, suggesting that the NS1-B pro-
tein is important for efficient viral growth. We demonstrate
that the �NS1-B virus is a considerably stronger inducer of
IFN-� transcripts than the wild type and, furthermore, that
ectopic expression of the NS1-B protein efficiently inhibited
virus-induced IFN-� gene activation. Hence, these results in-
dicate that the NS1-B protein serves to boost viral growth and
that the subversion of the host’s IFN response is an important
part of its activities.

MATERIALS AND METHODS

Cells and viruses. 293T, Vero, and A549 cells were grown in Dulbecco mod-
ified Eagle medium supplemented with 10% fetal calf serum, 2 mM L-glutamine,
and antibiotics. Madin-Darby canine kidney (MDCK) type II cells were grown in
minimal essential medium (MEM) supplemented with 10% fetal calf serum. The
MDCK-C3 cell line that contains a stable integrate of a firefly luciferase gene
controlled by the human IFN-� promoter was generated by transfection of
MDCK cells with plasmid p125-Luc-neoR and selection of a resulting G418
sulfate-resistant cell clone showing strong inducible reporter gene activity after
treatment with the dsRNA analogue poly(I)-poly(C). All cells were maintained
at 37°C and 5% CO2. Stocks of the influenza B virus strains B/Lee/40 and
B/Md/59 (obtained from P. Palese, Mt. Sinai School of Medicine, New York,
N.Y.) and influenza A/PR/8/34 virus were grown in the allantoic cavities of
11-day-old embryonated chicken eggs for 3 days at 33°C (type B) or 2 days at

37°C (type A). The influenza B virus mutant �NS1-B and the influenza A/delNS1
virus (18) were amplified in 6-day-old chicken eggs. The �NS1-B virus was
purified and further concentrated for metabolic labeling experiments and re-
porter gene assays by sedimentation through a 30% sucrose cushion during
centrifugation in a SW28 rotor (Beckman) for 90 min at 25,000 rpm and 4°C. To
analyze viral replication, confluent MDCK and Vero cell cultures were infected
at the indicated multiplicity of infection (MOI) and incubated for 3 days at 33°C
in MEM containing 0.2% bovine albumin (MEM-BA) and 1 �g of trypsin/ml.
Virus titers were determined on MDCK cells by plaque assay or by counting the
numbers of fluorescent cells after infection and indirect immunofluorescence
staining with the NP-specific monoclonal antibody BM3149 (DBC Biermann,
Bad Nauheim, Germany). Titers were correspondingly expressed as PFU or
fluorescence-forming units/ml.

RT-PCR and construction of plasmids. The RNeasy kit (Qiagen) was used
according to the manufacturer’s protocol to extract viral RNA from a stock of
influenza B/Lee/40 virus. The eight reverse genetic plasmids pHW-Lee-PB2,
pHW-Lee-PB1, pHW-Lee-PA, pHW-Lee-HA, pHW-Lee-NP, pHW-Lee-NA,
pHW-Lee-M, and pHW-Lee-NS were constructed by reverse transcriptase PCR
(RT-PCR) amplification of single viral RNA segments and cloning of the result-
ing cDNAs into the vector pHW2000 (27). In brief, the viral RNAs were first
reverse transcribed with Moloney murine leukemia virus reverse transcriptase
(Promega) by using a universal nine-nucleotide primer (UNI-9) that is comple-
mentary to the conserved 3� ends of all eight viral RNA segments. The RT
reaction was performed for 60 min at 37°C, followed by 15 min at 70°C. Subse-
quently, single gene segments were amplified by PCR by using the Pfu Turbo
Polymerase (Roche Diagnostics) and segment-specific primers carrying BsmBI
(PB1, PB2, PA, NA, M, and NS), BspMI (NP), or AarI (HA) restriction site
sequences at their 5� ends. Primer sequences can be provided on request. The
PCR was performed for 35 cycles under the following conditions: 94°C for 1 min,
52°C for 30 s, and 72°C for 3 min (NS, M, NA) or 6 min (NP, HA, PA, PB1, PB2)
followed by one cycle at 72°C for 5 min. Human IFN-� and actin transcripts were
detected in 1 �g of total RNA (RNeasy) extracted from A549 cells by using
gene-specific primers in the OneStep RT-PCR kit (Qiagen).

pHW-Lee-NS-XhoI is a derivative of pHW-Lee-NS that was constructed with
the QuikChange mutagenesis kit (Stratagene) by introducing a novel XhoI rec-
ognition site at nucleotides 262 to 267 of the viral NS segment. For generation of
the pHW-Lee-�NS1-B plasmid, polyadenylated RNA was extracted from influ-
enza B/Lee/40 virus-infected MDCK cells by using the Oligotex direct mRNA
Midi/Maxi Kit (Qiagen) and NS segment-specific primers were used for RT-PCR
amplification. The amplified NEP/NS2 fragment was purified with the QiaEx II
gel extraction kit (Qiagen), digested with BsmBI, and cloned into pHW2000. To
construct plasmid pcDNA-NS1-B, the NS1 cDNA was PCR amplified with
pHW-Lee-NS as a template and cloned between the HindIII/XhoI sites of
pcDNA3 (Invitrogen). p125-Luc-neoR was constructed by transferring the SacII/
XhoI fragment of p125-Luc (78) containing the IFN-� promoter luciferase re-
porter gene into pcDNAI-neo (Invitrogen). The integrities of the constructs were
confirmed by DNA cycle sequencing by using an ABI Prism 3100 genetic ana-
lyzer (Applied Biosystems).

Transfection-mediated recovery of recombinant influenza B virus. To gener-
ate the recombinant influenza B wild-type virus the eight plasmids pHW-Lee-
PB2, pHW-Lee-PB1, pHW-Lee-PA, pHW-Lee-HA, pHW-Lee-NP, pHW-Lee-
NA, pHW-Lee-M, and pHW-Lee-NS-XhoI (0.5 �g each) were transfected into
106 293T cells in suspension with the Lipofectamine 2000 reagent (Invitrogen).
At 72 h after transfection, the supernatant of transfected cells was inoculated
into the allantoic cavities of 11-day-old chicken eggs to grow stocks of recombi-
nant virus. The �NS1-B virus was rescued by essentially the same procedure,
except that pHW-Lee-NS-XhoI was replaced by pHW-Lee-�NS1-B and 0.5 �g of
pcDNA-NS1 (74) was added to the transfection mix. Supernatants of transfected
cells were passaged into 6-day-old chicken eggs. The recovery of recombinant
influenza B viruses was verified by gel electrophoretic analyses of RT-PCR
products representing the viral NS segments. Sequence analysis indicated that
the triplet encoding tyrosine 71 of the NEP/NS2 protein in the parental plasmid
pHW-Lee-delNS1 had been changed from TAT to CAT in the recovered
�NS1-B virus. This alteration was not further investigated.

Metabolic labeling and immunoblot analysis. Confluent 5 	 105 MDCK cells
seeded in 22 mm dishes were either mock-treated or infected with rec. Lee
wild-type or �NS1-B virus at an MOI of 10. Cells were incubated in MEM-BA
at 33°C for various time points and were subsequently labeled for 1 h with 25 �Ci
of [35S]methionine (Amersham, Braunschweig, Germany) in Met
 MEM. The
cells were washed with ice-cold phosphate-buffered saline and lysed in 100 �l of
radioimmunoprecipitation assay buffer. The extracts were subjected to 12.5%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and the radiolabeled
proteins were visualized by autoradiography. The viral NP and NS1 proteins
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were detected in lysates of infected MDCK cells by immunoblot analysis with a
monoclonal NP-specific mouse antibody (BM3149; DBC Biermann) or rabbit
anti-NS1-B serum (a gift of A. García-Sastre, Mt. Sinai School of Medicine, New
York, N.Y.).

Analysis of IFN-� promoter activity in infected cells. MDCK-C3 cells that
contain a stably integrated IFN-� promoter luciferase reporter gene (see above)
were either mock treated or infected with influenza virus at an MOI of 1 to
analyze virus-induced IFN-� promoter activation. Cells were incubated for 8 h at
33° (type B viruses) or 37°C (type A viruses) and were extracted in 100 �l of
reporter lysis buffer (Promega). Luciferase activity in lysate aliquots was deter-
mined by using Promega’s luciferase assay system in a model LB96V luminom-
eter (EG�G Berthold, Bad Wildbad, Germany). The activities were normalized
for equal protein amounts, and reporter gene activation in infected cells was
expressed in comparison to values obtained from mock-infected cells. For assay-
ing the effects of the NS1-A and NS1-B proteins on viral IFN-� promoter
activation normal MDCK cells where transfected by using Lipofectamine 2000
(Invitrogen). Each transfection of 5 	 105 cells contained 50 ng of p125-Luc
reporter plasmid, 5 ng of pRL-TK-luc and 1 �g of either pcDNA3, pcDNA-
NS1-A, or pcDNA-NS1-B expression vector. At 24 h posttransfection cells were
mock treated or infected with influenza �NS1-B or A/delNS1 virus at an MOI of
1 and incubated as described above. At 8 h postinfection cells were lysed in 100
�l of passive lysis buffer (Promega), and the activities of the Renilla and the
firefly luciferases were determined by using Promega’s dual luciferase assay
system.

RESULTS

Generation of recombinant influenza B virus from cloned
cDNA. To analyze the roles of the NS1-B protein during the
viral life cycle, a purely plasmid-based system for the genera-
tion of recombinant influenza B virus was established. Com-
plete cDNA of each of the eight viral RNA gene segments of
the influenza B/Lee/40 virus was synthesized and integrated
into the plasmid pHW2000 (27). These plasmids facilitate bi-
directional transcription of negative-sense viral RNAs and pos-
itive-sense mRNAs since the cloned viral cDNAs are flanked
upstream by a human RNA polymerase I promoter and down-
stream by an RNA polymerase II-specific promoter. Transfec-
tion of the eight plasmids into 293T cells resulted after 72 h in

the generation of virus that was amplified in a subsequent
passage in embryonated chicken eggs to high titers. The NS
segment of the transfectant virus carried an engineered genetic
tag site such that the corresponding cDNA was susceptible to
cleavage by the restriction endonuclease XhoI, thereby verify-
ing the recombinant nature of the isolate (Fig. 1B). The nat-
ural and the recombinant influenza B viruses grew to basically
identical titers in MDCK cells and embryonated chicken eggs
(see below), indicating that there were no further differences in
their genomes.

Rescue of an influenza B mutant virus lacking the NS1 gene.
The coding region of the influenza B virus NS1 protein over-
laps in part with the reading frame for the NEP/NS2 protein
that is expressed from a spliced transcript of the viral NS gene
segment (9) (Fig. 1A). For the generation of NS1-deficient
influenza B virus, we prepared a derivative of the NS reverse
genetic plasmid termed pHW-Lee-�NS1-B, in which the se-
quences specifying the NS1 protein were deleted, while all
NEP/NS2 coding sequences and the terminal noncoding re-
gions were maintained (Fig. 1A). This construct yielded re-
combinant virus in the rescue system when supernatant of
transfected 293T cells was passaged in 6-day-old embryonated
chicken eggs, which are characterized by an immature IFN
system (28, 48). No virus was recovered when supernatants of
transfected cells were passaged in MDCK cells or 11-day-old
eggs (data not shown). RT-PCR and sequencing analyses con-
firmed the presence of the shortened �NS1-B segment in the
obtained virus preparation (Fig. 1B and data not shown). Met-
abolic labeling of virus-infected MDCK cells with [35S]methi-
onine demonstrated that protein synthesis of the wild-type and
�NS1-B viruses showed essentially identical kinetics (Fig. 2A).
However, extracts of �NS1-B virus-infected cells clearly lacked
a protein corresponding to NS1-B. This finding was confirmed
by immunoblot analysis of extracts from MDCK cells infected

FIG. 1. Generation of recombinant influenza B/Lee wild-type virus and NS1 deletion mutant (�NS1-B). (A) Structure of the NS segments of
the wild-type and �NS1-B viruses. The plasmid pHW-Lee-NS-XhoI expresses the NS wild-type segment that encodes both the NS1 and, from a
spliced transcript, the NEP/NS2 proteins. This construct was used with the other seven plasmids encoding the residual viral gene segments for
recovery of the recombinant B/Lee wild-type virus in transfected 293T cells. In the plasmid pHW-Lee-�NS1-B, the coding region for NS1 was
deleted. (B) RT-PCR analysis of viral NS segments. After the extraction of viral RNAs from the natural influenza B/Lee/40, the recombinant
wild-type and �NS1-B viruses the viral NS segments were reverse transcribed (lanes “�”) and amplified by PCR. The resulting products were
separated on a 2% agarose gel and stained with ethidium bromide. DNA size marker fragments were run in parallel on the very left lane. In control
reactions, the RT step or an RNA template was omitted (lanes “RT:
” and “
”). The NS segment of the recombinant wild-type (rec. WT) was
distinguished from the B/Lee/40 segment by digestion at the introduced XhoI site. Deletion of the NS1 coding region reduced the length of the
NS segment from 1,096 to 441 nucleotides. The positions of the 1.0- and 0.5b-kb size marker fragments are indicated to the left.
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with the �NS1-B or the B/Lee/40 virus (Fig. 2B). No NS1-B
protein was detected in cells infected with the mutant virus,
although they expressed substantial amounts of the viral nu-
cleoprotein. These findings established the generation of in-
fluenza B virus lacking the NS1-B gene.

Deletion of the NS1 gene severely attenuates influenza B
virus for replication. To characterize the impact of the NS1
gene deletion on the replicative properties of influenza B virus,
we first compared the growth of the wild-type and �NS1-B
viruses on embryonated chicken eggs of 6, 8, and 11 days of age
(Fig. 3). It has previously been shown that the IFN inducibility
and responsiveness in chicken embryo cells increases with age
and this maturation process correlates with a higher restriction
of influenza virus replication in older eggs (28, 48, 58, 65).
Thus, we rationalized that a comparison of the replicative
properties in embryonated eggs could identify a putative IFN
sensitivity of the �NS1-B virus. The natural and the recombi-
nant wild-type viruses grew to high titers in the range of 108

infectious units/ml in embryonated eggs within 3 days regard-
less of their age at infection (Fig. 3). In striking contrast, the
growth capability of the �NS1-B virus gradually declined when
eggs of increasing age were used for infection. Thus, we de-
termined averages of 5 	 105, 3 	 103, and less than 1 	 102

fluorescence-forming units/ml in 6-, 8-, and 11-day-old eggs,
respectively (Fig. 3). These findings indicated that the �NS1-B
virus is sensitive to IFN to some extent and suggested that the
NS1-B protein may have IFN-antagonistic properties.

We next examined multicyclic replication on MDCK and
Vero tissue culture cells that promote high-level growth of
influenza B virus wild-type strains (Table 1). In comparison,
the �NS1-B virus was attenuated for replication by about 6
logs on MDCK cells that can produce and respond to IFN-�/�.
Unexpectedly, the �NS1-B virus exhibited also a severe growth
phenotype on Vero cells that have a chromosomal deletion of
the IFN-� and IFN-� genes (14). This was a surprising obser-

vation because Vero cells are known to support the replication
of several mutant viruses with inactive IFN-antagonistic pro-
teins much better than cell lines in which these antiviral cyto-
kines can be expressed, as was observed with respiratory syn-
cytial virus, human parainfluenza virus type 2, and influenza A
virus (18, 33, 57). In parallel infections it was confirmed that
the corresponding influenza A/delNS1 mutant virus replicated
to a titer of ca. 5 	 106 PFU/ml on the Vero cells used (data
not shown). However, the missing antiviral IFN function did

FIG. 2. Lack of NS1 expression in �NS1-B virus-infected cells. (A) Metabolic labeling of proteins in virus-infected MDCK cells. Cells were
mock treated (lane “M”) or infected with the recombinant wild-type or �NS1-B virus at an MOI of 10 and incubated at 33°C for various time
points. At 3, 5, or 7 h postinfection, the cultures were metabolically labeled with [35S]methionine for 1 h, and cell extracts were prepared at 4, 6,
and 8 h postinfection, followed by analysis by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and autoradiography. The positions of
molecular mass markers and of the viral NP and NS1-B proteins are indicated on the left and right sides, respectively. (B) Immunoblot analysis
of virus-infected cells. MDCK cells were either mock treated or infected for 8 h with influenza B/Lee/40 or �NS1-B virus. Lysates were prepared
and analyzed by immunoblotting with NP- and NS1-specific antibodies.

FIG. 3. Replication of the �NS1-B virus in embryonated chicken
eggs. Six-, eight-, and eleven-day-old embryonated chicken eggs were
inoculated with 100 infectious units of either influenza B/Lee/40, re-
combinant wild-type (rec. WT), or �NS1B virus and then incubated for
72 h at 33°C. Virus titers were determined as described in Materials
and Methods. The indicated values represent the average of at least
three independent experiments. Error bars indicate the standard de-
viations.
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not rescue the growth of the �NS1-B mutant in these cells,
indicating that the NS1-B protein has a crucial role in promot-
ing high-level replication of influenza B virus both in IFN-
competent and -defective host cells.

The NS1 protein suppresses activation of the IFN-� pro-
moter by influenza B virus. The growth characteristics of the
�NS1-B virus in the embryonated eggs suggested that it was
either a strong inducer of IFN-�/� and/or particularly vulner-
able to the antiviral activities of these cytokines. To examine
the former possibility, we analyzed the accumulation of IFN-�
transcripts in human A549 lung epithelial cells and canine
MDCK cells. We demonstrated that the �NS1-B mutant virus
induced a prominent synthesis of IFN-� transcripts, whereas
only low levels were detectable in wild-type-infected cells (Fig.
4A and data not shown). This finding indicated that the NS1-B
protein inhibits virus-induced expression of the IFN-� gene.

For a more quantitative analysis, we compared the induction
of an IFN-� promoter reporter gene by the �NS1-B and the
recombinant Lee wild-type virus, as well as that of the two
natural influenza B/Lee/40 and B/Md/59 strains. Furthermore,
we also tested the influenza A/PR/8/34 virus expressing or
lacking the corresponding NS1-A gene in parallel to detect
possible differences between influenza A and B viruses. For
these experiments we constructed and used the MDCK-C3 cell
line that contains a stably integrated luciferase reporter gene
under transcriptional control of the IFN-� promoter (see Ma-
terials and Methods). These assays demonstrated that all in-
fluenza B virus wild-type strains moderately activated the IFN
promoter by �10-fold, which was only slightly higher as was
found in parallel for the influenza A/PR/8/34 virus (Fig. 4B). In
contrast, the �NS1-B virus greatly stimulated expression from

FIG. 4. The NS1-B protein antagonizes viral activation of the IFN-� gene. (A) IFN-� gene expression is strongly upregulated in �NS1-B
virus-infected lung epithelial cells. Human A549 cells were infected with the recombinant B/Lee wild-type virus or the �NS1-B mutant at an MOI
of 1 or were mock infected. Total RNA was extracted from the cells 10 h postinfection, and equal amounts were analyzed by RT-PCR with DNA
oligonucleotide primers specific for IFN-� mRNA (upper panel), the viral NP segment (middle panel), or human �-actin transcripts (lower panel).
The amplified products were separated by agarose gel electrophoresis and stained with ethidium bromide. In control reactions, no RNA template
was added (lanes H2O). (B) Influenza A and B viruses lacking the NS1 proteins are strong activators of the IFN-� promoter. MDCK-C3 cells that
contain a stable firefly luciferase reporter gene under the control of the IFN-� promoter were infected with influenza B virus strain Md/59 or
Lee/40, the recombinant Lee wild-type virus (rec. WT), or �NS1-B virus at an MOI of 1. For a comparison, the influenza A/PR/8/34 strain and
the isogenic A/delNS1 mutant virus were used in parallel infections. Luciferase activity was determined 8 h postinfection and is presented as the
fold induction compared to mock-infected cells after normalization of extracts for equal amounts of protein. The graph shows average values of
a typical experiment conducted in duplicate that was repeated three times. Error bars indicate the standard deviations. (C) Normal MDCK cells
were transfected with the IFN-� promoter luciferase reporter plasmid p125-Luc and expression plasmids for the NS1-B or NS1-A protein or empty
vector (pcDNA). In all assays, the plasmid pRL-TK-Luc encoding a Renilla luciferase under the control of a constitutive promoter was
cotransfected and used as an internal control to normalize the results. One day posttransfection cells were stimulated by infection with the �NS1-B
or the A/delNS1A virus at an MOI of 1 or were mock treated. Luciferase activities in cell extracts were determined 8 h postinfection. The value
for a virus-induced increase in vector-transfected cells was arbitrarily set to 100% and compared to the induction observed in NS1-expressing cells.

TABLE 1. Replication of the �NS1-B virus is attenuated in MDCK
and Vero cellsa

Cell type and
expt no.
(MOI)

Virus titer

Recombinant
wild type �NS1-B

MDCK cells
1 (0.1) 3.1 	 108 3.2 	 102

2 (0.1) 3.1 	 108 1.7 	 102

3 (0.1) 1.4 	 107 6.8 	 101

4 (0.1) 3.1 	 107 6.8 	 101

5 (0.01) 2.7 	 108 �1.7 	 101

6 (0.01) 3.3 	 108 �1.7 	 101

Vero cells
1 (0.1) 5.9 	 106 2.5 	 102

2 (0.1) 6.6 	 106 1.7 	 102

3 (0.1) 1.2 	 105 2.2 	 102

4 (0.1) 2.0 	 105 1.7 	 102

5 (0.01) 3.5 	 106 �1.7 	 101

6 (0.01) 4.4 	 106 �1.7 	 101

a Confluent monolayer cultures were infected at the indicated MOIs and
incubated for 3 days at 33°C. Virus titers were determined as described in
Materials and Methods.
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the IFN-� promoter by at least 150-fold. Thus, the different
levels of IFN-� transcripts in cells infected with the wild-type
or the �NS1-B virus (Fig. 4A) appear to result from a stronger
transcriptional activation of the IFN-� promoter in the ab-
sence of the NS1-B protein. A comparable strong induction
was also observed for the influenza A/delNS1 virus that lacks
the corresponding NS1-A gene and had previously been char-
acterized as a strong IFN inducer (18, 43, 71).

The former experiments showed that the deletion of the NS1
gene dramatically increased the interferonogenicity of influ-
enza B virus and suggested that the NS1-B protein antagonizes
IFN-� induction as it is known for its NS1-A counterpart. We
therefore examined whether or not the expression of the
NS1-B or NS1-A proteins was sufficient to prevent activation of
the IFN-� promoter by either the �NS1-B or the A/delNS1
virus. Cells were first cotransfected with an IFN-� reporter
plasmid and vectors expressing the NS1-A or NS1-B protein.
Subsequently, the cells were stimulated by infection with one
of the two types of NS1-deficient influenza viruses to activate
the IFN-� promoter. In these assays it was demonstrated that
both the NS1-B and the NS1-A protein rendered the IFN-�
reporter almost completely unresponsive to either virus chal-
lenge (Fig. 4C). Taken together, these findings strongly suggest
that a prominent function of the influenza B virus NS1 protein
is to tame the cellular IFN response and to enable the virus to
fully exploit the host’s capacity for virus propagation.

DISCUSSION

Although it has been known for a long time that influenza B
viruses are sensitive to IFN-�/� (61), there is still surprisingly
little knowledge of the viral gene product(s) that suppresses
this antiviral defense in infected cells. Based on three key
observations, the present study establishes that the NS1-B pro-
tein functions as an IFN antagonist of influenza B viruses and
can be added to the growing list of viral proteins known to
tackle the cellular IFN system (16).

First is the genetic deletion of the NS1-B gene restricted
virus replication in 11-day-old eggs with a more mature IFN
system much stronger than in younger eggs, in which IFN
induction is low in general (28, 48, 58). Thus, the growth
capabilities of the constructed �NS1-B knockout virus in em-
bryonated chicken eggs were inversely correlated with the IFN
inducibility in these hosts. Second, the �NS1-B virus proved to
be a potent inducer of the IFN-� promoter and correspond-
ingly of IFN-� transcripts, whereas wild-type viruses expressing
the NS1-B protein were comparatively moderate stimulators.
Interestingly, the differences between the wild-type and the
�NS1-B mutant virus closely resembled the variations ob-
served for influenza A viruses expressing or lacking the antag-
onistic NS1-A gene. Strikingly, the ectopic expression of
NS1-B was sufficient to silence the activation of the IFN-�
promoter by infection with either the �NS1-B or the hetero-
typic A/delNS1 mutant virus. Moreover, in a reversed experi-
mental setup, the NS1-A protein also prevented activation of
the IFN-� promoter by either type of NS1 knockout virus.
These findings indicate that the major nonstructural proteins
of the two influenza virus types exhibit an overlapping or iden-
tical activity that blocks activation of the IFN cascade by virus
infection at the early stage of IFN gene expression.

At present, we can only speculate on the mechanism(s) by
which the NS1-B protein antagonizes IFN-�/�. Previously, it
had been shown that the NS1-A and NS1-B proteins share two
important biological activities, namely, the binding to the same
dsRNA molecules and the ability to block the activation of
PKR in vitro (70). There is abundant evidence that the NS1-A
protein inhibits in infected cells the activation of dsRNA-re-
sponsive transcription factors, including ATF-2/c-Jun, IRF-3,
and NF-�B, and thereby reduces the activation of dsRNA-
controlled response genes to a tolerable level (43, 64, 71).
Given the exchangeability of the two NS1 proteins in blocking
IFN-� promoter activation, we suggest that the NS1-B protein
neutralizes virus-induced dsRNA signals that trigger antiviral
defense genes in influenza B virus-infected cells. This activity
could mechanistically be mediated either by dsRNA seques-
tration or by targeting of the cellular factors that recognize the
molecular dsRNA patterns.

Although the similar antagonistic activities apparently argue
for a similar function for the nonstructural proteins of the two
influenza virus types, we also observed significant differences in
terms of the requirements for efficient virus growth. In light of
the deleterious effects of IFN-�/� on virus infection, we had
anticipated that the deletion of the NS1-B gene would severely
restrict multicyclic replication of the �NS1-B mutant virus on
MDCK cells that can secrete and respond to IFN-�/�. How-
ever, it was surprising that growth of the mutant was also
strongly reduced on Vero cells by at least 4 logs. The Vero cell
line is deficient in IFN expression (14) and has been shown to
support quite well the replication of other mutant viruses with
defective IFN antagonists, including the influenza A/delNS1
virus (18, 25, 33, 57). Specifically, the A/delNS1 virus replicated
on Vero cells to titers of ca. 5 	 106 PFU/ml, which was only
10-fold lower than the isogenic wild-type virus (the present
study and reference 18). These findings indicate a much higher
dependency of influenza B virus on the functions of its major
nonstructural protein compared to influenza A virus.

We suggest two nonexclusive explanations for the strong
general impact of the NS1-B gene deletion on viral replication.
First, the NS1-B protein may play a further important role in
counteracting the activity of an antiviral gene product(s) that is
expressed in Vero cells in an IFN-independent manner. For
instance, it is known that a subset of IFN-inducible genes,
including ISG15, ISG54, and ISG56, can be directly upregu-
lated by virus infection in the absence of IFN, most likely
mediated through activated IRF-3 (3, 7, 49, 52, 72). In fact, the
NS1-B protein has been reported to bind to and prevent the
conjugation of the ubiquitin-like ISG15 protein to cellular tar-
get proteins, which may additionally benefit virus replication by
weakening the intracellular JAK/STAT signaling pathway (45,
80). Enhanced ISGylation may consequently contribute to the
restriction of the �NS1-B virus in cells in general. However,
there is currently no information available on whether the gene
of the ISG15-activating enzyme UBE1L is present in Vero
cells or deleted, as was reported for several tumor cell lines
(47). A second possible explanation for restriction of the
�NS1-B virus in Vero cells might be a critical contribution of
the NS1-B protein to the principal viral replication process
rather than an effect on the host cell. For instance, an influenza
B/Lee/40 reassortant virus expressing a truncated NS1-B pro-
tein of only 127 amino acids exhibited a deregulated pattern of

1870 DAUBER ET AL. J. VIROL.



viral RNA synthesis that was associated with a small plaque
phenotype (67). Thus, the complete absence of the NS1-B
protein could significantly impart viral RNA synthesis and re-
sult in considerable attenuation of viral growth even in the
absence of antiviral responses.

We are aware that our model to explain the IFN-antagonis-
tic function of the NS1-B protein is tentatively not in agree-
ment with a previous report, in which influenza B/Lee/40 virus
infection activated IRF-3 (34). This outcome would not be
expected if all dsRNA-dependent responses were blocked by
the NS1-B protein. However, we noticed in the course of our
study a strong influence of the multiplicity of infection on the
activation of the IFN-� promoter by wild-type influenza B
viruses. A moderate activation was determined when a multi-
plicity of �1 was used (see Fig. 4), whereas the promoter was
induced five times more strongly when the cells were infected
at an MOI of 10 (B. Dauber and T. Wolff, unpublished obser-
vations). Thus, infection of a cell with many virus particles may
generate an overwhelming quantity of intracellular dsRNAs
that simply run down the inhibitory capacities of the nonstruc-
tural NS1-B protein, resulting in activation of dsRNA-depen-
dent reactions. Moreover, the second possibility remains that
virus-specific components other than dsRNA contribute to the
activation of IRF-3 by influenza B virus, as has been reported
for the measles virus nucleocapsid protein (69). In any case,
our data show that the presence of the NS1-B protein pro-
foundly reduces the activation of such antiviral reactions.

In summary, the establishment and use of a reverse genetic
procedure for influenza B virus identified the NS1-B protein as
a viral factor that antagonizes IFN-� induction and boosts viral
replication. This reverse genetic system will hopefully allow us
in future studies to explore the functions of single NS1-B
domains during the replication cycle and to assess their con-
tributions to the pathogenesis and virulence of influenza B
virus.
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